ABSTRACT: High quality pork is consumed as fresh meat, whereas other carcasses are used in the processing industry. Meat quality is determined measuring technical muscle variables. The objective of this research was to investigate the molecular regulatory mechanisms underlying meat quality differences of pork originating from genetically different Piétrain boars. Piétrain boars were approved for high meat quality using a DNA marker panel. Other Piétrain boars were indicated as average. Both groups produced litters in similar Piétrain sows. The LM were sampled from 9 carcasses produced by approved boars and 8 carcasses of average boars. Total RNA was isolated, and an equal portion of each sample was pooled to make a reference sample representing the mean of all samples. Each sample was hybridized on microarrays against the reference in duplicate using a dye swaps design. After normalization and subtraction of 2 times the background, only genes expressed in at least 5 carcasses were analyzed. For all analyses the mean of the M-values relative to the reference (i.e., fold change), were used. Sixteen genes showed significant linear or quadratic associations between gene expression and meat color (Minolta a* value, Minolta L* value, reflection, pH 24 h) after Bonferroni correction. All these genes had expression levels similar to the reference in all carcasses. Studying association between gene expression levels and meat quality using only genes with expression statistically differing from the reference in at least 5 carcasses revealed 29 more genes associating with the technological meat quality variables, again with meat color as a main trait. These associations were not significant after Bonferroni correction and explained less of the phenotypic variation in the traits. Bioinformatics analyses with The Database for Annotation, Visualization and Integrated Discovery (DAVID) using the list of genes with more than 2-fold changed expression level revealed that these genes were mainly found in muscle-specific processes, protein complexes, and oxygen transport, and located to muscle-specific cellular localizations. Pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database revealed pathways related to protein metabolism, cellular proliferation, signaling, and adipose development differing between the 2 groups of carcasses. Approved meat carcasses showed less variation in gene expression. The results highlight biological molecular mechanisms underlying the differences between the high meat quality approved and average boars.
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INTRODUCTION
Muscle tissue becomes meat after the slaughter of livestock. Decades of selection have increased pig growth rate by increasing muscle mass (Merks, 2000) . Physiologically, muscle tissue has an increased protein deposition rate and functions as a pool of AA (Bergström et al., 1974; Garlick et al., 1976; Wagenmakers, 1998; Davis et al., 2002) . Muscle growth depends on the number of prenatally formed muscle fibers Stickland et al., 2004) and postnatal hypertrophic growth and remodeling of muscle fiber type . These processes influence postmortem meat quality development. Genetic variation of meat quality indicates physiological processes regulated by a genomic background. Such variation in meat quality may be related to selection (e.g., differences exist between breeds such as Duroc and Piétrain; Jones, 1998) differing in muscle tissue composition (Sellier, 1998) or between animals within a breed (Gerbens et al., 1998 (Gerbens et al., , 1999 Cagnazzo et al., 2006) . Meat of different quality may be used for different purposes such as fresh meat consumption or processing.
The regulatory mechanisms underlying the differences in meat quality are largely unknown. Differently expressed genes (mRNA abundance) or proteins may explain differences in meat quality and may be used to develop biomarkers to predict and monitor meat quality (te Pas et al., 2005a Pas et al., ,b, 2007a Pas et al., ,b, 2008 Pas et al., , 2009 Wimmers et al., 2007) . Carcasses may be selected on biomarker predictions of meat quality. We used microarrays that enabled genome-wide expression analysis combined with genetic association study to investigate the transcriptomic background of meat quality. Combining this with bioinformatic analysis may highlight the genomic and genetic background of meat quality.
The objective of this research was to investigate the molecular regulatory mechanisms underlying meat quality differences of pork originating from genetically different Piétrain boars.
MATERIALS AND METHODS
Piétrain pigs were grown under standardized conditions and handled and slaughtered according to German laws.
Animals, Carcasses, and Sampling
Piétrain sows were inseminated with sperm from a pool of approved AI Piétrain boars approved for high quality pork by genotyping with a DNA marker panel on 8 farms. On 6 different farms, similar Piétrain sows were inseminated with average Piétrain boars. It is known in the slaughterhouse that the pH at 24 h postmortem and the drip loss of the carcasses derived from the pool of approved boars were better than from the average boars (unpublished information from the abattoir). Carcasses of offspring generated by the pool of approved high quality pork AI Piétrain boars were indicated as "approved carcasses." Carcasses generated by average Piétrain boars were indicated as "average carcasses."
The mean carcass weights of the studied animals at slaughter were 94.6 ± 4.1 kg (approved AI boars) and 88.9 ± 3.8 kg (average boars). Pigs of similar age were delivered to a commercial slaughterhouse (Fleischversorgungszentrum Mannheim GmbH, Germany) at least the evening before the day of slaughter. Pigs were anaesthetized with CO 2 . After Fat-O-Meater (FOM) classification at 2/3 rib, carcasses were rapidly cooled for 20 min at −5°C and further cooled at 5°C. All pigs were slaughtered at the same day. Pigs from the same farm were slaughtered as a batch. The slaughtering order of the pigs from different farms was random. The sampled pigs originated from different farms and were unrelated, except for belonging to either the approved or average boar groups. The samples were randomly taken from a larger group of pigs.
The LM of 9 approved carcasses and 8 average carcasses were sampled 30 min postmortem at the fifth rib. Samples were stored and transported to the laboratory in RNAlater (Ambion, Applied Biosystems, Foster City, CA). In the laboratory, the RNAlater was removed from the tube before storage at −80°C. The carcasses were named after the sample number to ensure anonymous treatment during experimentation.
Muscle/Meat Data
The carcasses were investigated for several carcass quality variables including carcass weight, lean meat percentage, meat thickness, and backfat thickness; and meat quality variables including pH at different times, Minolta parameters (a*, b*, and L* values), reflection, and drip loss (Table 1) . The meat quality data were measured according to standard procedures (Honikel, 1998) . The animals producing the carcasses from the approved boars came from 4 different farms, and the animals producing the carcasses from the average carcasses came from 3 different farms. Different farms used different transporters to the slaughterhouse. Statistical difference for the traits was determined using the ttest.
Microarray Analyses
Approximately 200 mg of tissue was collected for RNA isolation. First, the tissue samples were rinsed with 1 mL of regular PBS twice to remove the RNAlater. The RNA was isolated using the RNA Trizol (Sigma-Aldrich, St. Louis, MO) procedure. The RNA isolates were quantified using a Nanodrop apparatus (Nanodrop, Thermo Scientific, Wilmington, DE) and quality checked on a 1% agarose gel.
Microarrays were hybridized according to a dye swap reference design. A reference sample was created by mixing 250 µg of each RNA sample. Five micrograms of RNA was labeled using the amino allyl MessageAmp TM II aRNA amplification kit (Ambion). The labeled material was checked for integrity on the Bioanalyzer (Agilent, Santa Clara, CA). The Cy3 and Cy5 mono reactive dyes (GE Healthcare, Bucks, UK) were used for dual color hybridization in dye swap. Dual color hybridization was performed using the whole genome swine protein-annotated oligonucleotide microarray (http://www.pigoligoarray.org). Hybridizations were done in duplicate using a dye swap design. The microarrays were scanned with the GenePix 4000B microarray scanner (Molecular Devices, MDS Analytical Technologies, Sunnyvale, CA), and first analyses were done using the GenePix Pro (Molecular Devices) software including quality control and flagging of spots, local background subtraction and linear, ratio of the medians-based normalization (Hua et al., 2006) . All genes with zero or negative expression after twice local background subtraction in either of the 2 colors were deleted. The M-values for all remaining genes were calculated, and the means of the 2 microarrays were calculated. Arbitrarily, a gene was considered expressed when |M| > 0 in at least 5 animals. The expression of a gene in a carcass was considered significantly different from the reference if the M-value was greater than 1, or smaller than −1 (2-fold change). Arbitrarily, a gene was considered regulated when the M-value in at least 5 animals greater than 1 or smaller than −1. If the 2 microarrays of a carcass suggested opposite results, mainly at very lowly expressed genes, the results for the gene were deleted.
Real-Time PCR Verification of Microarray Data
Real-time PCR reactions were developed for the troponin I and troponin C genes using the cDNA sequences in the GenBank [accession numbers NM_213912.3 (troponin I) and NM_001130243, and XM_001928292 (troponin C)]. The developed primers were forward: GCTGATGCCATGCTGCGTGC, reverse: CGTTG-GGGACTTGGCGGCAT for the troponin I gene (PCR product length 198 bp, annealing temperature 60°C) and forward: ACGGGAGTGGCACAGTGGACTT, reverse: TGGTCTCGCCTGTCGCCTGA for the troponin C gene (PCR product length 183 bp, annealing temperature 60°C). The 18S rRNA gene was used for normalization (primers: forward: AGAGTCTCGT-TCGTTATCGGAATT, reverse: TGCATGGCCGT-TCTTAGTTG, PCR product length 63 bp, annealing temperature 60°C). The authors acknowledge P. Wichers (Wageningen UR, Animal Sciences Group, Wageningen, the Netherlands) for developing the 18S realtime PCR. All reactions were performed on the ABI equipment (Applied Biosystems, Carlsbad, CA) using the SYBR Green methodology. A dilution series of a concentration-measured positive sample was used to create a standard line for each gene, which was used to determine the concentrations of the gene in each sample. The PCR reaction of the positive sample used to develop the standard curve was tested for a single band on a 2% agarose gel. Negative controls must be negative for at least 5 PCR cycles more than the greatest number of cycles necessary for the smallest concentration sample.
Bioinformatics Analyses
Gene function analyses of genes with differential expression as compared with the reference were done using the sixth version of DAVID (The Database for Annotation, Visualization and Integrated Discovery; http://david.abcc.ncifcrf.gov/home.jsp; Dennis et al., 2003; Huang et al., 2009) . The list of genes was uploaded using the ENSEMBL gene ID recognizing 141 gene names (7 genes were not recognized). Analysis was done using the total human gene content as suggested by DAVID. The average values, SD, and ranges of the measured traits are given.
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Statistical differences for the measured traits between the groups of carcasses are indicated: *P < 0.05; **P < 0.01. A tendency for significance: †0.05 < P < 0.1. pH1, pH3, pH6, and pH24 are pH at 1, 3, 6, and 24 h after slaughter, respectively.
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The physiological function of regulated genes was analyzed using the pathway analysis and visualization tool (http://www.asgbioinformatics.wur.nl/; te Pas et al., 2007a Pas et al., ,b, 2008 . Pathways were derived from the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways database (http://www.genome.jp/kegg/) (Kanehisa and Goto, 2000; Kanehisa et al., 2006 Kanehisa et al., , 2008 . The 2 groups of carcasses were individually analyzed and compared with each other.
Association Study
Linear and quadratic (e.g., analysis of optimum traits) associations between gene expression and meat quality traits were estimated. The mean M-values for each gene per carcass were calculated from the 2 microarrays for each carcass. Two groups of genes were tested separately: 961 probes that were expressed (|M| > 0) in all carcasses and 6,504 probes that were expressed in more than 5 carcasses (but not in all). This excluded genes that were not expressed or were lowly expressed. First, farm effect, transporter, and approved/average (line effect) were tested. A significant line effect (approved -average boars) was found for carcass weight (P = 0.013) and pH at 1 h (P = 0.047) and tended to be significant for drip loss (P = 0.065). Even though it was not significant (P-values vary between 0.065 to 0.986) for other traits, the line effect was kept in the model because for some genes it improved the multiple R 2 substantially. One animal was deleted for pH at 24 h because its value was an outlier and affected the associations severely.
To test for linear or quadratic associations, the gene expression of 1 gene at the time was included in the model subsequently with linear and quadratic polynomials: 
were y ijk is the phenotype of animal k, line i is approved/ average, b j,1 and b j,2 are the linear and quadratic regression coefficient for gene j, gene j is the expression of probe j, and e ijk is the residual. The models were fitted with the lm-procedure in R (http://www.cran.R-project. org). The significance of the full models 1 and 2 were tested in comparison with the reduced model with only a line effect using an F-test. To correct for multiple testing, the Benjamini and Hochberg (1995) false discovery rate was used. Associations with a q-value of 0.20 or less were considered to be significant. In a second analysis, the list of genes was reduced to the genes that were found regulated (as compared with the reference) in at least 5 carcasses. The models used were the same.
RESULTS

Functional Analysis of Expression Patterns
First, we verified differential expression patterns of the microarray for 2 genes (Figure 1 ). Figure 1 shows the M-values of the microarrays and the quantifications of the real-time PCR for the troponin I and troponin C genes. These genes were chosen because their expression profiles have important associations with meat quality traits (see results below). The microarray data were analyzed as M-values: the 2-log ratio of the expression of each gene in each sample to the reference. A negative M-value indicated that the expression of the gene in the sample was less than the expression of the gene in the reference. An M-value closer to zero indicated a greater expression in the sample. An M-value greater than zero indicated that the expression in the sample was greater than in the reference. These results were compared with the quantifications of the real-time PCR reactions for the genes using the standard curves of both genes (R 2 > 0.99, data not shown). The results indicated that M-values and real-time PCR expressions show similar expression profiles.
Analyses of the genes with differential expression (in at least 5 animals with an M-value greater than 1 or smaller than −1) as compared with the reference using DAVID revealed that these genes were specific for skeletal muscle tissue (Table 2) , and to a lesser extent to heart tissue, which can be considered a related tissue. This indicates that the specific ongoing processes were skeletal muscle tissue-specific. This conclusion is further supported by the gene ontology results (Table  3) . Table 3 shows that the biochemical processes involved were i) muscle-specific (muscle systems process, muscle contraction), ii) protein metabolism (protein folding, response to unfolded protein, response to protein stimulus), or iii) oxygen transport. Table 3 further shows that these processes localize to i) specific muscle cellular localizations (contractile fiber, sarcomere, myofibril), ii) and involves protein complexes, especially hemoglobin complex that may be related to both protein metabolism and oxygen transport (myoglobin is the hemoglobin counterpart of muscle tissue). It should be noted that this result may a have direct relation with meat color (Trout, 2008) , an important meat quality trait.
Analysis of the genes with differential expression as compared with the reference using 4 different protein databases in DAVID (Table 4) revealed 3 main groups of proteins: i) heat shock proteins, ii) energy metabolism, and iii) oxygen transport. Although the first may be related to cellular components of the muscle fibers, it cannot be excluded that it may be part of the cellular stress reaction to the slaughter process (Morimoto, 1993), the latter 2 confirm the findings of the gene ontology indicating specific muscle cell processes involved.
KEGG Pathways Analysis
Mining the KEGG database using the total gene list retrieved 211 pathways. Forty pathways were discarded because of too limited information content (e.g., a single gene found on the pathways), and 123 pathways were discarded because none of the genes showed differential expression to the reference in one or more carcasses. In the remaining pathways, 2 differences between carcasses derived from approved boars and carcasses derived from average boars were found. In general, more genes with expression levels different from the reference were found in carcasses derived from average boars than in carcasses derived from approved boars. The pathways showing differential expression of genes between the 2 groups of carcasses indicated that the carcasses derived from approved boars showed mainly downregulated genes. No pathways were found with more upregulated genes in the carcasses from approved boars than in carcasses from average boars. These results may indicate that the approved boars produced offspring producing carcasses with less gene expression variation than the average boars. If gene expression differed from the reference, mainly downregulated expression were found. The supplemental file (http://jas.fass.org/content/ vol88/issue12/) visualizes several of these pathways.
Further analysis of the remaining pathways indicated that these could be grouped together in biological functional groups:
1) Amino Acid-Protein Metabolism Pathways. The group is composed of 22 AA metabolism te Pas et al.
pathways and 6 protein metabolism pathways. These pathways may be underlying the muscle tissue protein metabolism features reported using DAVID.
2) Signaling Pathways. The group consisted of 26 pathways. One of the important pathways may be the PPAR signaling pathway. Especially the PPARβδ form is related to remodeling of muscle fibers. Overexpression of PPARβδ induces a shift toward more oxidative fibers (Luquet et al., 2003) . Greater expression is found in the carcasses derived from average boars. The differential expression as compared with the reference may be indicative of more white muscle fibers in carcasses from approved boars that are thicker than oxidative red fibers, a specific phenotype recognizing Piétrain pigs (Jones, 1998; Sellier, 1998) .
3) Fatty Acid Metabolism Pathways. The group consisted of 13 pathways. The PPAR pathway is also central here because the PPARβδ regulates adipogenesis (Spiegelman et al., 1997) . The PPAR signaling pathway showed greater expression of the PPAR genes in carcasses derived from average boars than from approved boars. The gene expression in fatty acid biosyn- Muscle transcriptome profiles in fresh pork thesis and metabolism pathways were greater in carcasses derived from average boars than from approved boars. The results may indicate that carcasses derived from average boars were fatter than carcasses derived from approved boars due to a different level of biosynthesis. 4) Cancer-Related Pathways. The group consisted of 15 pathways representing the mechanisms of diverse types of cancers. Because several of these pathways stimulate the cell division process, this may indicate that cell division is greater in the carcasses derived from the average boars than in carcasses derived from the approved boars. This may indicate that the carcasses derived from the average boars were less mature than the carcasses derived from the approved. This result is in agreement with the carcass weights, which were lighter in the carcasses derived from the average boars than in the carcasses derived from the approved boars. 5) Cellular Functions Pathways. The group consisted of 17 pathways. The decreased expression of several genes in the pathways may indicate a decreased metabolic activity in the carcasses derived from the approved boars as compared with the carcasses derived from the average boars. 6) Energy Metabolism Pathways. The group consisted of 8 pathways. The results may indicate a greater energy metabolism in the carcasses derived from average boars compared with carcasses derived from approved boars. However, this effect may be secondary to cell division and fat metabolism reported above. On the other hand, this effect is in agreement with the results reported by DAVID analyses. Table 5 shows the associations between the gene expressions and the values of the meat quality traits. Surprisingly, all associations were related to meat color: 11 times a* value (meat redness), 4 times L* value (meat lightness), and 1 time reflection. The myoglobin is obvious for meat redness; all other associations are new. These genes include genes of plasma membrane associated proteins and genes of protein metabolism: both protein synthesis (e.g., translation factors) and protein degradation (e.g., proteasome). The meat colorrelated variable "reflection" is associated with a protein degrading enzyme. Finally, the expression patterns of 2 genes were associated with the carcass weight. The associations explain up to 85% of the phenotypic variance of the meat color traits. Because several genes may explain different parts of the variance, a combination of genes may even explain almost all variance of meat color. Finally, as the slope of the line of the linear associations is negative for most genes associated with meat color, a greater gene expression level associated with a decreased value of the meat quality parameter. The opposite was only found for the associations of 3 genes with a* value (myoglobin, eIF-2-β, and unknown). It should be noted that a greater value of the meat quality traits is not necessarily good or bad, but depends upon the trait. Surprisingly, none of these genes showed significant expression difference with the common reference in any of the carcasses. The associations are thus based upon All expressed genes were included in the study. eIF = eukaryotic initiation factor; NYD-SP17 = testis development-related gene, also known as CCDC54 (coiled-coil domain containing 54).
Association Between Gene Expression and Technological Meat Quality Variables
te Pas et al. small expression differences. In a next association study, we involved only genes with differential expression as compared with the reference in at least 5 carcasses. The associations in this study (Table 6) have P-values below 0.05 for either linear or quadratic association, but are not significant after correction for multiple testing (false discovery rate > 0.20). Furthermore, the associations explain less of the phenotypic variance; nevertheless, associations may explain up to 60% of the phenotypic variation in the trait for the linear associations and up to 70% of the phenotypic variation in the trait for the quadratic associations. However, because the variation in gene expression between the carcasses is larger, these variations may be easier to measure when used as a biomarker to predict meat quality. This study also indicates important associations with meat color, especially a* value and reflection but not L* value. The associations involved muscle-specific proteins including several slow skeletal muscle fiber type (i.e., red muscle fibers) specific genes, genes involved in protein metabolism, oxygen transport, and cell division. The slopes of the associations between gene expression of most genes and meat color were also negative in these associations, except for the myosin light chain and CRP3 genes. The opposite was found for reflection: most gene expression had a positive relationship with reflection except for 2 unknown genes (no annotation available). Finally, it is interesting that both carcass weight and lean meat percentage have positive correlations with gene expression levels, but one gene that was associated with meat thickness showed a negative association.
DISCUSSION
Meat is a major source of animal proteins and essential AA that humans need to take up through their food. However, meat also contains unsaturated fatty acids and other components, such as cholesterol, that are considered unhealthy. Therefore, knowledge of the characteristics of high quality meat and selection for improved meat quality is of major importance for human health and well being. Carcasses can be selected using technological meat quality variables for diverse goals. The contrast in transcriptomic profiles between carcasses derived from Piétrain boars approved for high fresh meat quality and average Piétrain boars was studied. For this goal, the transcriptome profiles were combined with physiological muscle and meat quality variables.
Piétrain is a breed known to be extreme in muscle hypertrophic growth (Jones, 1998; Sellier, 1998) . Due to the greater hypertrophic muscle fiber growth in Pié-train pigs, the meat is considered whiter than that of several other pig breeds (Jones, 1998; Sellier, 1998) . Thus, it is interesting to note that the results indicate the importance of 1) muscle-specific processes taking place at various sites in the muscle fiber related to protein metabolism and cell division, and 2) oxygen transport associated mainly with meat redness. Meat color directly relates to muscle composition [e.g., muscle fiber type distribution (slow-twitch proteins are components of red muscle fibers)] and other cell types (e.g., adipocytes). Muscle fiber types differ in proteomic and transcriptomic compositions (Kim et al., 2004) , as well in the sarcoplasmic component (Sayd et al., 2006; Laville et al., 2007) . Also, oxygen transport capacity (hemoglobin, myoglobin, and vascularisation) adds directly to the redness of meat.
Interestingly, several of the associations between gene expression and meat quality traits explain much of the phenotypic variation in the trait, up to 85%. Real-time PCR analyses of 2 genes associated with the a* trait confirmed the microarray analyses. The results indicate that these genes do not show a line effect, which is in agreement with the results of the association study.
The direction of the associations for all genes suggest that a greater gene expression is mainly associated with a smaller a* value and a greater reflection. This may be of importance for the development of biomarkers for these traits. It is remarkable that carcasses derived from offspring of approved boars showed less variability in gene expression. One underlying mechanism may be that the genotypes of approved boars were more directed to high meat quality characteristics than the genotypes of the average boars. This selection may have reduced variation in gene expression.
Our data also indicate a specific difference in the growth rate of the animals and the muscle tissue in particular. Body weight at slaughter differs significantly between the 2 groups of carcasses, and related lean meat content and meat thickness traits have a tendency for significance. Postnatal muscle growth is regulated by cell division and fusion of satellite cells to existing muscle fibers. As a result, muscle tissue and muscle fibers show increased hypertrophy. The white muscle fiber type usually hypertrophies more than the red muscle fibers, thus affecting meat color. Interestingly, hypertrophic white muscle fibers usually are associated with increased drip loss. However, in data from the current study, the approved boars produce offspring with carcasses having less drip loss than the average boars. This may have been one of the selection criteria for approving the boars. It also shows that the traits "hypertrophic muscle fibers" and "drip loss" can be uncoupled. For reviews and information on muscle growth and meat quality, see Muscle Development of Livestock Animals-Physiology, Genetics, and Meat Quality (te Pas et al., 2004) .
Among the genes with regulated expression several heat shock proteins (HSP) were found. The expression patterns of several of these HSP genes were associated with meat quality traits including reflection (2 HSP), pH at 24 h, and carcass weight (each 1 HSP). Associations between mRNA expression of HSP genes and tenderness have been reported before in beef cattle (Bernard et al., 2007) . Skeletal muscle tissue expresses several HSP (for reviews see Liu and Steinacker, 2001; Liu et al., 2006) . The expression of HSP is muscle fiber Muscle transcriptome profiles in fresh pork Table 6 . Significance (P-value without correction for multiple testing; false discovery rate > 0.20) and the proportion of variance explained (=R 2 ) by linear or quadratic regression for genes that have in at least 5 animals an absolute M-value larger than 1 (2-fold change) and a P-value smaller than 0.05 The R 2 were large due to a line effect explaining 88% of the trait variation. Only genes showing regulated expression in at least 5 animals were included in this study.
te Pas et al. type dependent, and a shift in muscle fiber type is accompanied by a shift in HSP type (Locke et al., 1994) . Because muscle fiber types are related to meat color, the expression of a HSP may be an indicator. However, we did not observe association between any meat color trait, other than reflection, that was associated with the expression pattern of HSP. The expression of several HSP also correlate with muscle hypertrophy (Kilgore et al., 1994; Schuenke et al., 2008) . The expression of HSP regulates the activation of satellite cells and induce myogenesis (for reviews, see Liu and Steinacker, 2001; Liu et al., 2006) . Different mechanisms of hypertrophic growth induce different HSP (Locke et al., 1994) . We also found that the expression of one HSP associated with carcass weight, an indicator for growth rate of muscle tissue. Greater carcass weight usually also includes more muscle tissue in modern pig breeds. However, in a proteomic screen of extreme muscular hypertrophy in Belgian Blue cattle, no induced expression of any HSP was observed (Bouley et al., 2005) . This may indicate that the mechanism of muscular hypertrophy differed. In studies of humans and mice, muscular hypertrophy was mainly induced by exercise (Kilgore et al., 1994; Locke et al., 1994; Liu and Steinacker, 2001; Liu et al., 2006) . Exercise causes a variety of cellular changes including damage, energy metabolism challenges, and oxygen depletion, all of which able to induce HSP expression (Liu and Steinacker, 2001; Liu et al., 2006) . We also observed energy metabolism and oxygen transport among the genes showing regulated expression. Liu et al. (2006) argues that during muscle contraction the blood supply is temporally interrupted, causing induction of HSP expression. The important function of HSP in maintaining cellular integrity and homeostasis may be causative for this rapid induction of HSP expression. We argue that the slaughter process causes hypoxia in the muscle tissue, which induces HSP expression. However, one would expect that the bovine study of Bouley et al. (2005) also reported HSPinduced expression. We argue that the effect of slaughtering may be measurable at the mRNA level as we did, but that it was not measurable at the protein level. Finally, the expression of HSP70 regulates the synthesis and degradation of proteins. We also reported on an increased protein turnover. Therefore, we argue that the regulated expression of the HSP70 may be responsible, at least in part, for the increased protein turnover. Table 7 shows a joining together of the association studies and the pathways analyses. Table 7 indicates several genes involved in protein metabolism (both synthesis and degradation), adipose metabolism, nucleotide metabolism and cell cycling, and signaling pathways including vascularization (vascular endothelial growth factor pathway). This shows how the physiological mechanisms underlying muscle tissue growth and development regulate postmortem meat quality formation. Furthermore, it shows the physiological mechanisms underlying the fresh meat quality differences between carcasses derived from approved and average Piétrain boars.
The suggested mechanisms indicate that carcasses derived from the approved boars have a greater protein turnover rate compared with the carcasses derived from the average boars. The gene expression in pathways for biosynthesis of AA was found to be somewhat greater in carcasses derived from approved boars as compared with carcasses derived from average boars (whereas the intermediary metabolism pathways between the AA were on average similar). Protein degradation via the proteasome and ubiquination pathways also indicated greater expression of some genes in the carcasses of animals derived from the approved boars. Together, they suggest increased protein turnover rate in the carcasses of the animals derived from the approved boars. A greater protein metabolism may be related to a greater meat percentage of the carcasses derived from the approved boars. In general, this is related to a decreased fat percentage, strengthening the conclusion drawn of the fatty acid metabolism pathways. A greater protein metabolism may also be related to cellular structure/ function pathways: focal adhesion, leukocyte transendothelial migration, tight junction, and regulation of actin cytoskeleton. Muscle cellular structural components were found in the gene ontology analyses. The results may indicate that the expression of the pathways for cellular structural and functional features is a little less in carcasses derived from the approved boars as compared with carcasses derived from the average boars. The regulation of energy metabolism may further indicate regulation of protein metabolism as an important molecular factor underlying the differences between the 2 groups of carcasses because it is important for protein metabolism, cell division, and adipose metabolism. Muscle growth in the white muscles of Piétrain may be a glycolytic process that is less involving of oxidative energy metabolism mechanisms (Jones, 1998; Sellier, 1998) .
Taking all of the results together, the biological molecular mechanisms underlying the difference between the carcasses for fresh meat consumption derived from 2 types of boars favored less variable gene expression in the carcasses that may be regulated for AA and protein metabolism and against fatty acid metabolism. In general, the variation in expression of the genes is less in carcasses derived from approved boars than in carcasses derived from average boars.
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